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Individuals with spinal cord injury (SCI) demonstrate reduced limb blood 
flow and muscle spasticity. It is plausible that the accumulation of metabolites, 
resulting from reduced perfusion, could exacerbate spasticity via activation of 
fusimotor neurons by Group III and IV afferents. PURPOSE: To determine the 
association between peripheral blood flow and muscle spasticity in persons with 
SCI. METHODS: A total of 16 individuals with SCI were classified into high 
(N=6), low (N=5), and no (N=5) spasticity groups according to their spasticity 
levels indicated by the modified Ashworth scale scores.  Blood flow was 
measured in femoral and brachial arteries using duplex Doppler ultrasound and 
was normalized to limb lean mass obtained with dual energy X-ray 
absorptiometry. RESULTS: There were no significant group differences in age 
(30.5±4.15, 38.48±4.61, 32.6±4.89 years), time post SCI (8.5±4.2, 12.6±4.74, 
6.8±1.66 years), American SCI Association motor scores (39.2±7.78, 59±12.34, 
53.4±1.08), or sensory scores (96±22.1, 144.4±13.97, 130±13.8). Femoral artery 
blood flow, adjusted for limb lean mass, was significantly different (p=0.002) 
across the three leg spasticity groups (high 76.03±6.44, low 95.12±15.49, no 
142.53±10.86 ml/min/kg).Total leg muscle spasticity scores were significantly 




was no significant difference in brachial artery blood flow between the three 
groups, indicating that the reduction in blood flow was confined to injured limbs 
and not due to systemic cardiovascular disorder. CONCLUSION: Among SCI 
patients, whole-leg blood flow is progressively lower in individuals with greater 
spasticity scores.  These results suggest that a reduction in lower limb perfusion, 
among other factors, plays a significant role in the pathogenesis leading to 
muscle spasticity after SCI. KEYWORDS: Blood flow, Limb Perfusion, Paralysis, 











































Spasticity is one of the most debilitating complications following Spinal 
Cord Injury (SCI). The spastic syndrome is characterized by increased muscle 
tone and increased tendon reflexes.1 It interferes with mobility, transfer, self-care, 
and activities of daily living, and has a negative impact on the well-being of 
persons with SCI.2, 3 With increasing life expectancy of persons with SCI and 
increased healthcare costs, it is critical to understand the physiological 
mechanisms underlying spasticity. Despite existing neural theories about 
development of spasticity4,5, the exact mechanism leading to spasticity following 
SCI has not yet been clearly identified. 
 
The common prevailing theory to explain the mechanism underlying 
muscle spasticity is the reduced descending inhibition of the muscle spindle 
afferent (Ia afferent) due to SCI, which leads to an increase in motoneuron 
excitability.4,5 The alpha motoneuron reacts with abnormal firing frequency and 
duration to an excitatory stimulus, which manifests as increased resistance to 
passive stretch and clonus.6-9  Studies using animal models have found that Ia 
afferents are activated by the fusimotor system by the smaller diameter (Group III 
and IV) afferents.10 These small diameter afferents respond to muscle 
metabolites such as lactic acid, arachidonic acid and bradykinin.11,12 Individuals 




the peripheral circulation such as a decrease in vessel diameter size,13-15 
reduced capillarization,16-18 and markedly reduced resting blood flow, 14, 19 -21 and 
muscles paralyzed by SCI exhibit substantially higher rates of fatigue.22, 23 The 
coexistence of reduced blood flow and high fatigability creates an environment 
favoring the build-up of metabolic byproducts and can affect muscle contractile 
function and activate sensory afferent pathways.24 Hence, it is plausible that the 
accumulation of metabolites, resulting from reduced perfusion, could exacerbate 
spasticity via activation of fusimotor neurons by Group III and IV afferents.  
 
The primary aim of the present study was to determine whether there is an 
association between peripheral blood flow and muscle spasticity in persons with 
SCI. To address this aim, we studied limb blood flow in persons with complete 
and incomplete SCI having high, low and no muscle spasticity. We hypothesized 
















 Sixteen SCI individuals (12 Males and 4 Females) with injuries ranging 
from C3 to T12 and 9.25±2.16 years post SCI, participated in this study. Potential 
participants were excluded from the study if they were diagnosed with 
cardiovascular disease, hypertension, diabetes mellitus, peripheral vascular 
disease, recent fractures and open wounds, or pregnancy. All procedures and 
risks involved were explained, and all participants gave their written informed 
consent. This study was approved by the Institutional Review Boards of 
University of Texas at Austin, and Seton family of hospitals, Austin, TX.  




 Clinical examinations were performed on one visit according to the 
impairment scale of the American Spinal Injury Association (ASIA) by a licensed 
occupational therapist (CAM). Muscle tone was graded using the modified 
Ashworth’s scale of grading muscle spasticity (0 flaccid muscle tone, to 4, limb 






 Blood velocity and vessel diameter of the right brachial artery (BA) and 
the right common femoral artery (CFA) were measured on a separate visit using 
a Duplex ultrasound machine (Philips HDI-5000, Bothel, WA) equipped with a 
high-resolution linear array transducer. Arterial diameter was determined by a 
perpendicular measurement from the media interface of the near wall to the 
intima interface of the far wall of the vessel. Arterial diameter and mean blood 
flow velocity were captured simultaneously. Mean blood velocity measurements 
were performed with the insonation angle <60°.  The sample volume gate was 
adjusted to cover the width of the vessel.  To minimize turbulence from the 
bifurcation, the measurements on the common femoral artery were performed 
approximately 2–3 cm proximal to its bifurcation. Measurements on the brachial 
artery were performed 3 cm proximal to the olecranon process. All the data were 
digitally recorded directly on the hard drive and analyzed by the software 
provided by the ultrasound machine manufacturer.  Blood flow was calculated 
using the formula: 
Baseline Blood Flow (l/min) = [Mean blood velocity ● Circular area ● 6●10 
4]  
 
Whole body composition and leg fat-free mass 
  Whole body composition was determined from Dual Energy X-ray 
Absorptiometry (DEXA) technology using a Lunar Prodigy (G. E. Medical 
Systems, Madison, WI). All selected data were analyzed with enCORE software 




performed from the whole body scans.  Femoral and brachial blood flow values 




 Group differences in age, time post SCI, ASIA motor and sensory scores, 
height, weight, lean mass, adipose mass, brachial and femoral adjusted blood 
flow were assessed using one-way ANOVA with Tukey’s post-hoc analyses. 
Univariate correlation using Pearson’s product moment correlation was 
performed to determine associations of interest. All data are reported as 



















Participants were classified into three groups (high, low and no muscle 
spasticity) based on the level of spasticity as assessed from the modified 
Ashworth’s scale (MAS) of grading muscle spasticity. Participants in the high 
spasticity group had scores of 2 and above on MAS, the low group had MAS 
scores of 1 and 1+, and the no spasticity group had MAS scores of 0 in the right 
leg muscles (Table 1). There were no significant differences in age, time from 














































2          3 1+ 3 3 1+ 1 
3 4 0 4 0 3 3 
6 4 3 4 4 1+ 2 
8 3 2 4 0 2 3 
25 1 0 3 0 0 2 




15 1 0 1+ 0 0 1+ 
17 1+ 0 1+ 0 0 0 
21 0 0 1 0 1+ 1+ 
24 0 0 1+ 0 1+ 1+ 




4 0 0 0 0 0 0 
7 0 0 0 0 0 0 
10 0 0 0 0 0 0 
13 0 0 0 0 0 0 















 Subject # Sex Age  
( Years) 




2 M 32 8 
3 M 38 4 
6 M 46 29 
8 M 19 4 
25 M 24 5 
 28 M 24 1 
Mean ± SE   30.50 ± 4.15 8.50 ± 4.20 
 
Low Spasticity 
15 F 45 23 
17 F 47 24 
21 M 34.9 4 
24 M 22 1 
 30 F 43.5 11 
Mean ± SE   38.48 ± 4.61 12.6 ± 4.74 
 
No Spasticity 
4 M 19 2 
7 M 38 5 
10 M 36 11 
13 M 46 6 
18 F 24 10 
Mean ± SE   32.60 ± 4.89 6.80 ± 1.66 





Table 3: ASIA level and classification with motor and sensory scores 
 
Physical characteristics and body composition as measured by DEXA 
scans did not differ significantly among the three spasticity groups (Table 4). In 
addition, there were no significant differences among the three groups in the 
regional lean masses of the right arm (3.62±0.4, 3.1±0.63, 3.55±0.48 kg, 
















2        T10 B I Para 50 166 
3 T1  C I Tetra 53 146 
6 C4 A C Tetra 49 49 
8 T4 C I Para 50 115 
25 C4 B I Tetra 5 35 
 28 C6 C I Tetra 28 65 




15 C5 C I Tetra 23 176 
17 T4 A C Para 50 94 
21 T12 C I Para 54 152 
24 C7 D I Tetra 98 139 
 30 C3 D I Tetra 70 161 




4 T10 A C Para 54 140 
7 T10 C I Para 56 147 
10 T6 A C Para 50 111 
13 T4 A C Para 52 88 
18 T12 C I Para 55 166 
Mean ± SE      53.4 ± 1.08 130.4  ± 13.8 
Ρ value      0.24 0.17 
ISCSCI, International Standards for Neurological Classification of Spinal Cord Injury; C/I, 





Table 4: Physical characteristics  
 
No significant differences were found in the brachial artery and common 
femoral artery diameters or mean blood velocities across the three groups (Table 
5). Brachial artery normalized blood flow did not differ significantly across the 
groups (108.21±27.49, 92.6.6±25.84, 115.38±36.03 ml/min/kg, P=0.86). Femoral 
artery blood flow normalized to leg lean mass varied significantly (P < 0.01) 
across the groups with a statistically significant difference between the high and 
no muscle spasticity groups (Figure 1).  As illustrated in Figure 2, the sum of 
modified Ashworth’s scores of muscle spasticity was significantly and inversely 
 Subject 
# 









2 180.34 89.6 1.31  31.54 54.80 
3 185.42 76.4 1.13  15.13 58.31 
6 180.34 99.8 1.31  39.00 57.37 
8 172.72 77 1.09  25.82 48.67 
25 177.80 60.3 0.85  21.03 37.49 
 28 190.50 100 1.32  34.01 60.0 




15 177.80 57.3 1.05  19.44 35.42 
17 157.48 37.7 1.14  8.36 27.34 
21 180.34 85.3 1.25  24.67 57.23 
24 182.88 85.3 1.36  14.12 67.39 
 30 157.48 60.9 1.15  24.04 36.83 




4 177.80 48.6 0.86  7.45 39.45 
7 180.34 67.5 1.17  25.12 39.36 
10 182.88 91.4 1.24  40.73 46.85 
13 185.42 89.5 1.42  31.69 53.59 
18 167.64 38.7 0.97  9.24 27.76 
Mean ± SE  178.8 ± 3.07 67.14 ± 10.59 1.13 ± 0.10  22.85 ± 6.42 41.40 ± 4.31 
Ρ value  0.19 0.26 0.87  0.33 0.29 




associated with the whole leg normalized femoral blood flow values (r= -0.60, 
p<0.05). 
 
Table 5: Blood flow indices 
 









High Spasticity 4.52 ± 0.44 0.36 ± 0.06 7.05 ± 0.37 0.26 ± 0.02 
Low Spasticity 4.0 ± 0.19 0.32 ±  0.06 6.72 ±  0.78 0.29 ± 0.03 
No Spasticity 4.29 ±  0.52 0.41 ±  0.08 6.67 ±  0.42 0.34 ±  0.04 
Ρ Value 0.64 0.68 0.85 0.19 















Figure 1. Normalized femoral blood flow (ml/min/kg) in the high, low and no 













































Figure 2. Sum of modified Ashworth’s scores of right leg versus femoral blood 







































y = -3.724x + 123.2
R² = 0.366
5 10 15








In the present study, we found that among the three spasticity SCI groups 
that are matched for age, time from SCI, ASIA motor and sensory scores and 
physical characteristics across the groups, whole-leg blood flow was lower in 
individuals with higher spasticity scores. Additionally, total muscle spasticity MAS 
scores were significantly and inversely associated with femoral artery blood flow 
normalized for leg lean muscle mass. These results demonstrate that reduced 
limb perfusion likely plays a role in the mechanisms leading to exaggerated 
muscle spasticity. This was the first study to demonstrate a significant 
association between muscle spasticity and blood flow in individuals with SCI. 
 
Blood flow and vascular functions have been studied in the SCI 
population, but very few studies have evaluated its relation to the secondary 
complications that could impact function and activities of daily living. 
Plethysmography and Doppler studies of lower limbs have indicated that blood 
flow values and arterial diameter are significantly lower in persons with 
paraplegia compared with able-bodied controls 13, 14, 19 - 21 though other studies 
have reported that femoral artery diameter and blood flow per unit muscle 
volume did not differ between SCI and able-bodied individuals.25, 26 These arterial 
adaptations are attributed mainly to the loss of supraspinal control of somatic 




Deconditioning and long-term inactivity is associated with reduced oxygen 
demand and subsequently with profound vascular adaptations. A decrease in 
blood flow can result in arterial constriction, thickening of the arterial wall, and 
reduced clearance of blood glucose and lipids, all of which could lead to 
cardiovascular disease.27 Absolute values of femoral diameter in this study (≈7 
mm) were in agreement with previous studies of patients with SCI (5-7 mm) and 
smaller than able-bodied controls (7-10 mm)13-15, 20, 25, 28.  However, the baseline 
femoral blood flow values were higher (≈641 ml/min) than those reported 
previously for SCI individuals (150–300 ml/min) and closer to values of able 
bodied individuals (400–700 ml/min).19 – 21, 25, 28 
 
Long-term inactivity in patients with upper motor neuron weakness leads 
to structural and functional changes in the muscle fibers below the level of lesion, 
including changes in the fiber population towards more fatigable types.17, 22 
Indeed, paralyzed muscles fatigue rapidly with different types of electrical 
stimulation protocols.23, 29 High muscle fatigability results from chronic changes 
that occur in muscle use, metabolism, vascularization, muscle perfusion 
pressure, and/or fiber type composition.29-33 The combination of reduced blood 
flow and high fatigability would create an environment that favors the 
accumulation of metabolic by-products, which can affect muscle contractile 




Muscle spasticity is most likely caused by reduced descending inhibition of 
the Ia afferent following SCI.4,5, 34, 35 Animal studies have shown that reduced 
blood flow conditions can increase Ia afferent firing by fusimotor activation from 
small diameter afferents that respond to a build-up of metabolites in the muscle.10 
It is likely that the fusimotor pathway previously identified only in the decerebrate 
cat also exists in humans. Indeed, increased EMG response to tendon tap after 
muscle fatigue has been observed in humans, suggesting an up-regulation of Ia 
afferent activity during fatigue. 36 Hence, Ia afferent activity may be exacerbated 
by the physiological changes in the paralyzed muscle as well as the absence of 
adequate perfusion to remove the accumulated metabolites. 
 
To the best of our knowledge, only one study is available to evaluate the 
time course of arterial adaptations to paralyses and inactivity 28. There was a 
30% reduction in both femoral arterial diameter and blood flow within 6 weeks of 
SCI. No further changes were observed in the femoral artery properties between 
6 weeks and 13 months post SCI. Moreover, no significant changes were 
observed in the brachial and carotid arteries in that study. These results showing 
relatively rapid changes in lower limb vasculature suggest that the vascular 
adaptations seen in the legs are due to pathology related to injury in the spinal 
cord and not due to a delayed systemic cardiovascular disorder occurring in SCI 
individuals. Because the lower extremities play a more active role in standing and 




deconditioning that occurs due to the SCI. This may be one of the reasons for no 
significant group differences in brachial blood flow values observed in the present 
study. 
 
Treatment modalities such as whole body vibration exercise, resistance 
training, and endurance exercise can lead to increases in blood flow in able-
bodied individuals,37 - 39   but their effects on vascular function in SCI have not 
been investigated. Interventions such as few weeks of Functional Electrical 
Stimulation (FES) training have been used to improve peak leg blood flow and 
arterial diameter in SCI.40-42 Muscle spasms of underlying neuropathological 
causes have been treated with the use of heat by therapists for many decades.43 
The reduction in spasm is believed to be caused by the counter-irritant effect of 
heat on both primary and secondary afferents from muscle spindle. However, 
heating is also known to improve local blood flow.44 It is possible that 
improvement in blood flow through heating may be one of the alternative 
mechanisms for the transient reduction in muscle spasticity. Further research is 
needed to investigate the effects of clinical interventions on limb spasticity in 
relation to changes in the limb blood flow.  
 
There are several study limitations that should be emphasized. We did not 
exclude participants who were smoking or using their routine medications though 




and diabetes were excluded. Four participants reported smoking occasionally, 
and participants reported using a variety of prescription medications, including 
opiod analgesics, benzodiazepines, inhaled corticosteroids, anticonvulsants, and 
antispasmodic/antimuscarinic, which could affect vascular function. Most 
participants were actively engaged in rehabilitation while others did not attend 
organized rehabilitations. Hence, the activity levels of different individuals who 
participated in this study may not have been uniform. The effects of different 
types of exercise modalities on vascular properties in able-bodied humans are 
variable. While regular aerobic activity does not seem to affect vascular 
function,45 resistance training,38 and regular endurance exercise39 increases 
basal limb blood flow and diameter. Effects of these exercise modalities in SCI 















 CONCLUSIONS  
 
In summary, lower limb perfusion in persons with SCI having high leg 
muscle spasticity was significantly lower than those without spasticity.  
Additionally, there was a significant inverse correlation between spasticity 
(modified Ashworth’s scores) and femoral blood flow. These results are 
consistent with the hypothesis that lower levels of blood flow may be involved in 
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